Micromorphology is used to examine and compare a Late Jurassic diamictite from northeast Scotland with a Pleistocene diamict from southern Ontario, Canada in order to test if a statistical difference between diamicts can be recognized and used to separate differing types of diamicts/ diamictites. The diamictites from Scotland have been ascribed to various depositional agencies occurring in several distinctly differing terrestrial and marine palaeoenvironments. In contrast, the Pleistocene diamicton is regarded as a subglacial till. Both diamicts appear remarkably similar visually and contain many corresponding features such as macrostructures, and exotic and fractured subangular to subrounded clasts. Micromorphology is used to re-examine these diamicts/diamictites at the microscopic level to detect if the palaeoenvironments within which they were deposited can be ascertained. In this paper a quantitative assessment of microstructures using micromorphology is developed. Comparative statistical analyses of these diamicts, using micromorphological features, reveals that the Jurassic diamictites are non-glacigenic, non-terrestrial and most likely deposited within a marine environment as a result of subaquatic debris mass movement, while, in contrast, the Pleistocene diamicts were most likely subglacial tectomicts deposited beneath the active base of the Laurentide Ice Sheet.
Introduction
Diamicts exist within a very broad range of sediments and sedimentary rocks that can be derived from both terrestrial and subaqueous environments. Diamicts can be classified, in lithified form, as conglomerates or various forms of cataclastics that contain varying proportions of fine-grained matrix within which clasts of a range of sizes and shapes float (Pettijohn, 1975; Allen, 1982; Friedman, 2003) . The balance between matrix and clast content extends from matrix supported diamicts in which matrix is volumetrically dominant to clast supported diamicts in which clasts dominate the sediment or sedimentary rock and matrix content is volumetrically limited. Some classifications use different terms depending on the percentage of clasts or the degree of fine-grained matrix present (cf. Folk, 1954; Schermerhorn, 1966; Flint, 1971; Pettijohn, 1975) , however, essentially all of these types are diamicts. Allaby and Allaby (1999) define a diamict (diamictites if lithified, diamictons if unlithified) as "a nonsorted or poorly sorted, ......, terrigenous (or marine) sediment or sedimentary rock that contains a wide range of particle sizes ... in a muddy matrix, and if lithified, a conglomeratic, siliciclastic rock which is unsorted, with sand and/or coarser particles dispersed through a mud matrix" (present authors' italics). As such, diamicts can be derived due to mass movement, glacial, or endogenic processes in terrestrial and subaqueous environments. Diamicts, in many instances, appear remarkably similar in hand-specimen (cf. Price, 1999; Schieber, 2003) . However, as yet, the ability to differentiate the various diamictic types remains challenging.
In addition, to the many field and laboratory techniques that can be harnessed to confirm a particular depositional process and environment, micromorphology provides another singularly useful technique to establish formative processes (cf. Van der Meer, 1996; Menzies, 2000a; Lachniet et al., 2001 ; Van der Meer et al., 2003; Phillips and Auton, 2000, 2007; Phillips et al., 2002; Hart, 2006; Larsen et al., 2006; Menzies et al., 2006; Thomason and Iverson, 2006; Menzies and Brand, 2007; Lee and Phillips, 2008) . Micromorphology is the microscopic examination of the structural components and constituent elements of earth materials. In the early 20th century micromorphology developed from within Soil Science (cf. Kubiëna, 1938; Stoops, 2003) and since then has spread into diverse fields such as geoscience and geoarchaeology. In sedimentology thin-sections are studied mainly from the objective of composition, whereas in pedology micromorphology is used to "describe, measure and interpret the formation and function of soil materials" (Stoops, 2003) .
The latter approach is still unusual in sedimentology. However, it is remarkable that the technique is so little used, given that it is the only one that permits the detailed study of sediment or sedimentary rock in situ ( Van der Meer, pers. comm., 2007) . It is not only possible to know that a particular constituent (e.g. a specific mineralogy, a microfossil) is present, but also where it is present, thus allowing detailed microstratigraphy and microstructural analyses (cf. O'Brien & Slatt, 1990; Maltman, 1994;  Van der Meer at al., 2003) . Likewise, as will be demonstrated in the text below, it must be pointed out that the microstructures in both the diamicton and diamictite examined are syndepositional forms developed during sediment emplacement/deposition. Based on the microstructures present in both the Permian and glacial sediments this paper will contrast two known depositional settings and to demonstrate the enormous the potential of microstructure analysis. This paper sets out to differentiate between two geologically, yet visually similar, unrelated diamicts using micromorphology and, in the process, develop a semi-quantitative method of discrimination between diamict origin and type.
Stratigraphy of the Jurassic Diamicts from near Helmsdale, N.E. Scotland
Between Brora and Ord Point, north of Helmsdale in northeast Scotland, a narrow, 1.5 km wide, strip of Late Jurassic (Kimmeridgian) diamictic rocks are exposed (Fig. 1 ). These diamictites (termed Boulder Beds in the past) were first described by Murchison (1827) . In the past diverse origins have been ascribed to these rocks. These diamictites have been variously regarded as evidence of ice transport (Ramsay, 1865) , river flood deposits (Judd, 1873) , subaerial mass movement (Blake, 1902) , subaerial mass movement into the sea (inter alia Norton, 1917) , and a subaquatic debris flow from a submarine fault scarp (Bailey et al., 1928; Bailey & Weir, 1932; Crowell, 1961; Pickering, 1984; MacDonald & Trewin, 1993; Wignall & Pickering, 1993; Hudson & Trewin, 2002) . This latter interpretation appears to be the accepted explanation for these Late Jurassic sedimentary rocks based upon detailed macroscopic sedimentological examination (Phillips, pers comm., 2004 Hudson & Trewin, and Middle Devonian sandstone (Bailey, 1928; Bailey & Weir, 1932; Pickering, 1984; MacDonald & Trewin, 1993; Hudson & Trewin, 2002) . The succession is composed of lithofacies units that range from coarse conglomerates interbedded with sandstones to shales. Many of the shale units are bioclastic in content, containing ammonites, belemnites, brachiopods, corals, echinoids and thick shelled bivalves (Hudson & Trewin, 2002) (Fig. 1) . The rocks young towards the northeast. They are deformed into several northwest to southeast plunging upright folds, and are locally offset by a number of steeply dipping to subvertical normal/reverse faults that in places are displaced several metres to decimetres (Pickering, 1984; Phillips, pers. comm., 2004 (Fig. 3a) . These matrix supported, poorly sorted conglomerates are here referred to as diamictites.
The diamictites exhibit a wide range of thickness from a few centimetres to several metres. In general, the diamictites contain a range of clast shapes from subangular to subrounded. There is a wide range in clast size and provenance both local and exotic.
None of the clasts examined were striated. The matrix, within which these clasts are suspended, ranges from medium to very fine-grained sandstones, siltstones and claystones (Fig. 3b) . In some places the matrix exhibits laminae and the diamictite becomes distinctly fissile (Fig 3c) . In other places bedding planes can be clearly discerned that are warped and, occasionally, folded. In a few locations clasts have the appearance of dropstones detectable by the downwarped laminated sediments beneath individual clasts (Fig. 3d) . In several places thin bioclastic subfacies can be observed sandwiched between clastrich matrix units. (Ziegler, 1990) . The palaeogeographical data
show that over the Jurassic and Early Cretaceous periods, the North Sea region occupied a mid-latitudinal position (Ziegler, 1990; Abbink et al., 2001 ). This late period within the Jurassic, however, exhibits localized and regional basin subsidence across the basin (Ziegler, 1990) . Such instability in the form of faulting and localized basin subsidence resulted in thick clastic sediment packages often confined to small areas adjacent to faults and the edges of sinking troughs.
Stratigraphy of the Pleistocene Diamicts from near Milton, southern Ontario, Canada
The diamicts from Ontario were deposited during the Pleistocene 
Sampling and Thin-section Production
Representative samples were obtained from both Jurassic impregnation and thin-sectioning (Kemp, 1985; Boës & Fagel, 2005) . In both cases a sampling strategy was adopted that took into account both the general nature of the diamicts and visible structural features and facies contacts.
In all 35 thin-sections (5 × 7 cm) were obtained from the Jurassic KBB and HBB diamictites, 17 from KBB, and 18 from HBB. Since many diamictite samples were friable, several samples had to be impregnated with epoxy resin prior to thin-sectioning (Camuti & McGuire, 1999) . The Pleistocene diamicton samples (QDmm) resulted in 28 thin-sections being produced.
Microstructures within the diamicts
Examination of the diamicts from KBB, HBB and QDmm, in thinsection, reveal many remarkably similar features, especially the characteristics of the matrix, clast sizes, clast shapes and packing densities, and the types, variety and geometry of microstructures. (Table 1 and Graph 1). 11b, c, e). In both cases theses much longer lineations (discontinuities) appear to be indicative of stress application and often
give a sense of shear within a larger area of sediment, in some instances these microstructures are symptomatic of localised faulting. Multiple lineations also appear indicative of sediment rotation and stress application from several directions indicating that the sediment has been turned over or in some way reoriented before subsequent stress adjustments have occurred.
Within coarser matrix, clast fragments were observed touching at their edges creating edge to edge grain and breakage contacts For the purposes of this paper, clast fragments are defined as particles >15 mm in diameter embedded within the matrix.
Both subangular (sa) and subrounded (sr) clast fragments occur in the thin-sections (Pettijohn, 1975, p. 177) (Figs 7a; 8a, b; 9) .
In two instances, (Figs. 7a; 8) , the matrix exhibits a remarkably well sorted and even distribution of clast fragments within matrix (wsx).
In a few cases necking structures (ne) were detected within matrix where small clast fragments had apparently been 
Examples of Thin-Sections from KBB, HBB and QDmm
Examples from KBB ( Thin-Section KBB-2B (Fig. 7) , similar to KBB-2A, contains several large clasts but a much more angular matrix that exhibits a large number of edge to edge crushing events and occasional short distance lineations (sdl) (Fig. 7a) . In Figure 7a there are several minor lineations that appear close to medium sized clasts near-which necking (ne) microstructures can be observed (Fig. 7b) .
Thin-Section HBB2/2A (Fig. 8) contains a large number of typical structures for the Helmsdale diamictites. Unlike the previous thin-sections, the matrix is variable with both coarse (gmx) and finer (cmx) zones (domains) within the matrix.
Many subrounded small clasts occur within the matrix. In Figure 8a a series of larger clasts are relatively adjacent and small short distance lineations (sdl) can be observed. Where larger clasts dominate, edge to edge crushing (ee) events can be observed (Fig. 8b) .
Thin-Section HBB2/2B (Fig. 9 ) contains a series of closely adjacent larger subrounded clasts with a coarse matrix dominated by small subangular clasts. Evidence of edge to edge crushing (ee) and crude lineation can be seen in many frames.
In Frame A, evidence of clast imbrication (im) can be observed.
A domain of finer matrix (cmx) surrounds some of the large clasts and between the larger clasts necking structures (ne)
can be observed in Frames C and F.
Thin-Sections KBB-2B/1 (Fig. 10a ) and HBB1/2 (Fig. 10b) are examples of bioclastic facies units that are found interfingering many of the diamictic KBB and HBB units. The thin-section shown in Figure 10b contains a large number of crudely aligned near-horizontal angular shell fragments.
Thin-Section QDmm HT/1d4 (Fig. 11) 
Statistical Analyses of Microstructures within the Diamictites
Statistical analyses of the data from the KBB and HBB samples would appear to be sub-populations of the same larger population whereas the samples of QDmm are from a different population set. These statistical results are, therefore, in agreement with the known fact that the QDmm samples are a glacial diamicton and both the HBB and KBB samples, from a Jurassic marine diamictite; a fact that has been qualitatively argued but can now be shown to be statistically valid.
From Table 1 and Graph 1, the Pleistocene diamicton (QDmm) has, in comparison to the Jurassic diamictite (KBB and HBB) samples, many more multiple directional lineations (lmd) (5.6% to 2.2%), subrounded clasts (sr) (5.6% to 1.6%), clay matrix rich (12.1% to 2.9%), a well sorted matrix (wsx) (4.4% to 1.0%) and grain line stacks (gls) (4.5% to 2.9%). In contrast, KBB and HBB samples (averaged) have more edge to edge crushing events (ee) 14.4% to 9.6%), subangular clasts (sa) (24.6% to 17.2%), considerably more common grain-dominated matrix (gmx) (22.5% to 6.6%), and a much fewer number of domains of clay-dominated matrix (cmx) (2.9% to 12.1%). Finally, the percent number of rotational structures (rt), short distance lineations (sdl), single lineations (ls), necking structures (ne) and imbricate structures (im) are remarkably similar for both groups of sediment.
Interpretation of Microstructures within the Diamicts
The differences between the two sets of diamictites and the diamicton are, in thin-section, subtle but statistically significant. and/or increased dilatancy, or considerable thermal changes of state, or rapid changes in applied external stress levels (Menzies, 2000a; Phillips & Auton, 2000 Lachniet et al., 2001; Phillips, 2006; Larsen et al., 2006; Thomason & Iverson, 2006; Larsen et al., 2007; Menzies & Brand, 2007) . Compaction during deposition is exemplified by edge-to-edge ('ee') compression and grain grinding. Compaction and lateral adjustments can be seen in linear discontinuities ('ls', 'lmd', 'sdl') . Some are internal and localised thus producing short, within matrix, forms ('sdl'), (Maltman, 1988; Bertran, 1993; Bertran & Texier, 1999; Lachniet et al., 2001; Menzies & Zaniewski, 2003) . In mass movement sediments, since there is a relatively low overburden pressure (or in the case of subaqueous mass movement, high effective pressures alleviate the impact of pressure from the water column on individual grains) other than overlying sediment, rotational structures, and multiple lineations can be expected to be fewer in number than in diamicts formed beneath an active ice sheet.
Due to the nature of the mass movement sediment flows generally include coherent rafts of local and exotic sediments, forming separate domains, that are entrained on top of, within, and at the base of sediment flows (Menzies & Zaniewski, 2003) .
Where mass movement occurs subaqueously, porewater content is high and, therefore, porewater motion and structures associated with porewater dissipation (from higher to lower pore pressure areas within a saturated sediment) are likely to be few in number, and of limited extent (cf. Mulder & Alexander, 2001; Jenner et al., 2007) .
The Pleistocene diamicton, in contrast, is a typical subglacial sediment (cf. Van der Meer, 1996; Hiemstra & Van der Meer, 1997; Lachniet et al., 2001; Menzies & Shilts, 2002; Van der Meer et al., 2003; Evans et al., 2006; Menzies et al., 2006; Larsen et al., 2006; Phillips and Auton, 2007; Lee & Phillips, 2008) . It is interesting to note that the Pleistocene diamicton (QDmm) in comparison to the Jurassic diamictites (KDD and HBB) has commonly more multiple lineation structures (lmd) and subrounded clasts (sr), and slightly more rotation structures (rt) and grain stacks (gls) (Graph 1).
In sharp contrast to mass movement sediments, subglacial sediments exhibit a wide range of structures (Van der Meer, 1993 , 1996 Menzies, 2000a,b; Van der Meer et al., 2003; Larsen et al., 2006; Menzies et al., 2006; Larsen et al., 2006) 
